The Rbean Model was simulated for deficit irrigation conditions and plant density by using experimental data collected over two consecutive years regarding the cultivation of red bean in the Badjgah region of Shiraz, Iran. A split plot arrangement was conducted in a complete randomized block design during two years. The foremost variable was four levels of irrigation including 60 (I4), 80 (I3), 100 (I2), and 120% (I1) of the potential evapotranspiration under surface irrigation. A second variable was the spacing of 5 cm (S1), 10 cm (S2) and 15 cm (S3) between the plants within each row, and the distance of 30 cm between the rows. The experiment layout was conducted in three replications. Results of the first and second growing seasons of red bean (phaseolus vulgaris L. cv. Akhtar) were used for the calibration and validation of the Rbean model, respectively. According to the NRMSE and the d value indices, the Rbean model presented a very good to fair estimation of actual evapotranspiration, soil water content, canopy cover, dry matter, crop yields and water productivity (WP). The advantage of this model is its simplicity and easy calibration in a range of climatic conditions for the cultivation of bean crop. The prediction of bean yield by this model can be used for a better irrigation management under different plant densities.
Introduction
The red bean is being consumed as a prevalent source of proteins, calories, fibers and minerals in many developing countries (Ramos et al, 1999; Singh et al, 1999) . Plant distribution patterns and plant densities can practically affect the utilization of environmental resources. As a result, plant density is deemed vital factor when aspiring to higher grain yield (Board and Harvile, 1996) .
Proper selection of crop varieties are regional-specific and require management since they have great effects on agricultural production projects. The pattern by which plants are spatially arranged within a given land area is a prime factor because an appropriate density of cultivated plants is a requirement for successful crop production systems. Planting pattern can be modified by changing the width of rows and the spacing between them. Hypothetically, the choice of narrow rows in plant spacing could be expected to increase the efficient use of resources and can also delay the onset of interplant competition. An optimum plant density for maximum economic yield would depend on the crop species, its variety and cultivation conditions. Accordingly, many cases of research have partly focused on the regulation of plant populations based on the availability of production factors and thus have investigated how plant density can affect the quantity and quality of yield, According to the research report (Kochaki and Banaianaval, 1994) . By experience, the highest yields are achieved via optimum cultivation density which is in effect synonymous with the consistent distribution of plants. Furthermore, the structure of plant canopy is nonetheless of great importance with regard to measurable factors of the yield (Mohamadzadeh et al, 2011) . In a relevant research report, Nazaralizadeh et al. (2012) found that the row spacing and plant density can affect the growth of safflower in a manner that could improve yield when closer row spacing was considered. Desired plant density can be devised based on a variety of criteria including plant characteristics, growth period, the time and method of planting, soil fertility, plant size, available soil water content, solar radiation, planting patterns and weeds status (Abbasi and Maleki, 2015) . Where annual precipitation is insufficient, drought stress is a common limiting factor in crop growth and yield. It can profoundly reduce dry matter production, yield due to the fact that leaf area decreases as a result of drought. Drought also accelerates the senescence of leaf (Emam and Seghatoleslami, 2005) . The red bean could be grown as a seed legume where rain-fed crop-rotations are applied with winter wheat. Such crop-rotations can increase the production diversity and improve the yield at each rotation (Emam et al, 2010) .
There are hypothetical understandings that the red bean is susceptible to drought stress or water deficits. Nonetheless, the production of this crop on a global scale is often carried out where drought stress inevitably prevails, due to insufficient water supplies, sparse rainfall and/or inadequate irrigation (Machado and Durães, 2006) . According to a report by FAO (2008) , the global average yield of red beans is 568 kg/ha. Total area under cultivation in Iran is 115,833 ha and total production is 218858 tons, whereof 97.1% are cultivated under irrigated conditions and 2.9% are as dry farming or rain-fed. Due to limitations in the area of resourceful arable land and the common unfavorable climatic conditions, it would be an imperative to increase the yield per unit area, should agricultural commodities succeed to being produced in amounts worthy of trade (Azami et al, 2013) . The determination of plant density is one of the most important criteria for cultivation management whereby high yield comes in the frontline for farmers to pursue. An appropriate irrigation regime needs to be planned for every region where rainfall is scarce. Also, due to the effects of plant density on plant establishment, discernible improvements in the quality and quantity of productions would require managements in weed control and overall product quality, besides outlining the most appropriate plant density. High harvesting index is a factor that considers the extents to which plant photosynthetic materials are dedicated to grain production and could accordingly guide towards higher economic yield. This index is an important criterion for the management of plant tolerance to water stress. Researchers have shown that water stress not only reduces grain yield, but also limits the total amount of biomass production and largely affects the harvest index (Mohammadzadeh et al, 2011) .
Information and data are vital criteria for agricultural management decision making, and they are increasing in volume at a high rate in many areas due to increased demands for agricultural products. Limitations on usable land, water, and other natural resources also contribute to the demand for more precise decision making tests in agriculture. The outset of new data through traditional agronomic research methods is not sufficient enough to meet these rising demands.
Crop models can be of a benefit for a variety of functions; primarily, crop models can interpret experimental results and work as agronomic research some tools for the analysis of research knowledge. Lengthy and expensive field experiments, particularly those that exploit numerous treatments, can be pre-evaluated via a well-proven model in order to further render accuracy in the field tests and to reduce their overall costs (Whisler et al, 1986) . Another application of crop models is when researchers employ them to support actual decisions for the management of systems. Optimum management practices, whether they are strategic, including planting date, cultivar selection, fertilization, or water and pesticides application can be experimented through valid models so as to conclude the most sensible of seasonal or within-season decisions (Boote et al, 1996) . The process of planning and policy analysis can be improved by better methods of modeling as well. Facilitating the application of crop models in a systems approach that stems from agronomic research requires the initial development as being generated by scientific guidelines to integrate knowledge about soil, climate, crops, and farm management. All of this is to conclude with better decisions about transferring production technology from one location to another in places that host varied soils and climates in comparison to each other (Uehara and Tsuji, 1998) .
The Food and Agriculture Organization (FAO) developed a model for water productivity, called the AquaCrop Steduto et al, 2009) . AquaCrop is a crop-model developed by the Food and Agriculture Organization (FAO) which simulates biomass and yield response against the consumption of water where different soil, water and climatic conditions prevail ). Aqua crop model could not simulate accurately at deficit irrigation for some crops and for some regions. The objective of this research were: 1) To develop a simulation model (Rbean) for red bean yield in different plant densities and irrigation regimes 2) To calibrate and validate the Rbean model with an experimental data.
Method

Field Experiment
Field Data
The data of this investigation were obtained from two years experiment in 2013 and 2014 that were conducted at mas.ccsenet.org Modern Applied Science Vol. 11, No. 8; Experimental Station of Agricultural College, Shiraz University located in Badjgah region at 29° 56' N, 52° 02' E and 1810 m above the mean sea level, in southwest of Iran with a semi-arid climate.
The predominant soil is characterized as silty clay loam ( Reference evapotranspiration (ETo) was calculated using modified Penman-Monteith equation for semi-arid environments in the study area (Razzaghi and Sepaskhah, 2012) . Meteorological data were obtained from standard weather stations at the Agricultural College, located near the experimental field.
To ensure uniform germination and emergence, equal amounts of irrigation water were applied to all treatments in the initial stage. The experimental plots were irrigated by the furrow irrigation method by an applied efficiency of 80%. Before each irrigation event, the irrigation water requirements were estimated by multiplying the reference evapotranspiration values (ETo) at kc. ET of the red bean plant in the full irrigation treatment was calculated by using the modified Penman-FAO equation for semi-arid environments in the studied area (Razzaghi and Sepaskhah, 2012) . In the first year, the kc of the red bean plant was obtained from the (FAO) of the United Nation (Allen et al, 1998) but in the second year the kc was derived from the soil water balance obtained in the first year. Irrigation water was applied every other week according to the four irrigation treatments: 1.2, 1, 0.8 and 0.6 multiplications of the crop's potential evapotranspiration of red bean. The presence of a deep groundwater table enabled free drainage conditions. Each experimental plot was 6 meters long and 3 meters wide.
A split plot arrangement was conducted in complete randomized block design during two years. The foremost mas.ccsenet.org Modern Applied Science Vol. 11, No. 8; variable was four levels of irrigation: 60, 80, 100, 120% of the crop potential evapotranspiration under surface irrigation. The second variable was to have spaces of 5 cm (S1), 10 cm (S2) or 15 cm (S3) between the plants within each row, and the spacing of 30 cm between the rows, in three replications ( Figure. 1). Soil water content at 0-0.2, 0.2-0.4 and 0.4-0.6 m depths was measured by the gravimetric method before each irrigation event.
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The actual crop evapotranspiration for the time intervals between measurements of soil water content was estimated by the water balance procedure as follows:
Where I is the irrigation depth (mm), P is the precipitation (mm), D p is the deep percolation (mm) from the bottom of root zone and ΔS is the variation of soil water content in root by depth (mm). Water productivity (WP, kg/m 3 ) is a quantitative term used to define the relationship between the amount of crop produced and total applied water. It can be calculated as follows: (Sinclair et al. 1984) :
Plant Measurements and Calculations
During the period of red bean plant growth, several characteristics were measured at certain points after sowing, and the following numbers represent the serial of days after sowing, the days on which measurements were done on the corresponding trait [20 (vegetative) ) were measured in intervals of 14 days. Five plants were selected randomly and the area of leaves was measured using the Delta-T-WinDias-Leaf Area meter for each sample before drying. Finally, LAI of the sample was determined as green leaf area per unit ground surface area. The canopy was sampled at area of 2 m 2 from different experimental plots on harvest day. They were dried at 80 °C in an oven, and the dry matter of the shoot (kg ha −1 ) and grain yield (kg ha −1 ) were measured. Canopy cover of the plant was measured over a monthly interval by using image processing in Matlab software, based on photos taken vertically and digital photos from the red bean plots. The photos were taken from a distance of 1.5 meters from the ground surface.
Model Description
Model Growth-Engine and Structural Components
Biomass calculations were based on the concept of biomass water productivity, which is the amount of biomass produced per unit of consumed water (Steduto et al, 2007) . According to this approach, the transpiration (T) is normalized with both the reference ET (ET o ) (Equation 3). Vol. 11, No. 8; 2017 23 Where WP b ** is the normalized biomass water productivity, Biomass is the above-ground biomass (kg ha ). The biomass water productivity (WP b ) is the biomass produced per unit of transpired water. The WP b ** is the biomass produced per unit of normalized T (Steduto et al, 2006; Steduto et al, 2009 ).
Potential Canopy Cover (CC p )
The Rbean model does not simulate leaf area index. Instead, foliage development is expressed as potential green canopy cover (CC p ), the fraction of the soil surface covered by the canopy for full irrigation treatments. The value CC p varies between 0 (before emergence) to a maximum (CC xp ) which can reach 100% depending on crop type and planting density. The potential canopy is a decisive feature in the Rbean model. Its expansion, aging, conductance and senescence are the main determinants for the amount of potential water transpired, which in turn determines the amount of produced potential biomass ). The canopy development for non-limiting conditions is modeled using three parameters: the initial canopy-cover after emergence (CCo), the maximum potential canopy-cover which can be reached (CC xp ), and the potential canopy growth coefficient (CGC p ). First-order kinetics-equations are used for the simulation of potential canopy development (Bradford and Hsiao, 1982; Hsiao, 1982) . Upon the start of canopy senescence, the decline in CC p is simulated with a potential canopy decline coefficient (CDC p ).
Calibration of Model for Red Bean
Different plant density applications in furrow irrigation are considered as a strategy that can be used for increasing the effect of irrigation water on crops growth and yield. Therefore, by considering the red bean as a crop that is susceptible to low amounts of irrigation water under different densities of cultivation, the red bean response can be assessed and predicted by using the Rbean model. The effects of three plant density (66, 33 and 22 plant m -2 ) was considered on coefficients of the CC O , CGC p , CC Xp , CDC p for determine potential canopy cover function, These coefficients that are derived based on the first year measured data and their related equations are shown in Table 3 for different treatments. .98, SE=0.0004, n=12, p<0.001 (7) Where den is the density (plants per square meter).
Potential Transpiration
Potential crop transpiration (T) is calculated by multiplying the ETo (or the evaporating power of the atmosphere) by the crop coefficient Kc Tr (Eq. 8). The ETo generates a better result when calculated by the modified Penmane-Monteith equation as specified by the FAO 56 (Razzaghi and Sepaskhah, 2012) and then given to the model as an input driving variable. The crop transpiration coefficient Kc Tr is proportional to CC p , (Villalobos and Fereres, 1990; Steduto et al, 2009) . The maximum of the proportional factor (Kc Tr,x ) varies between 1.0 and 1.2 for various common agricultural crops. 
Where ETo is the amount of evaporation used as a reference, the Kc Tr,x is the crop coefficient, CC p * is the adjusted potential green canopy-cover.
Potential Biomass
Potential biomass were calculated with Equation 10 for each days (Steduto et al, 2007) :
Where biomass p is the potential biomass (g m -2
), WP b ** is the normalized biomass water productivity, T p is the daily potential transpiration (mm d ). The WP b ** is the biomass produced per unit of normalized T (Steduto et al, 2006; Steduto et al, 2009 ).
Actual Biomass (Biomass a ) for Deficit Irrigation Condition
In order to minimize the number of inputs required, the biomass ratio was selected to evaluate the relevant effects of deficit irrigation. In this research, potential biomass is defined as the biomass that occurs when transpiration is never restricted, even when the soil is experiencing water stress throughout the growing season. In contrast to a traditional transpiration ratio of T a /T p , the biomass ratio is equivalent to the normalized transpiration ratio, as detailed in Equation.
(Equation 11, 12 and 13).
This equation for Biomass ratio only requires daily values of the basal crop coefficient (K cb ) and water stress coefficient (K s ), allowing the biomass ratio to be calculated at the end of the simulated growing season (Heeren et al, 2011) .
Yield
Crop yield (Y) is calculated as the product of final biomass (B) and a harvest index (HI). The actual HI is obtained by adjusting, during simulation, the reference harvest index (HI o ) with an adjustment factor (f HI ) for stress effects. HIo is the fraction of B that is harvestable as observed under non-stress conditions and is a cultivar-specific parameter. Y is calculated as:
f HI depends on the timing and extent of water or temperature stress during the crop cycle.
Input and Output Files for Simulated Model
This model has an input file of notepad format and contains meteorological information including maximum and minimum daily temperature (°C), reference evapotranspiration (mm) and amount of precipitation and irrigation depth (mm). In addition, variables that function in the model include the initial soil water content, soil water contents at FC, PWP and the saturation condition, information about plant characteristics and some parameters for calculating stress coefficients. Also, plant density should be chosen by the user. ) and water productivity (WP).
Statistical Analysis
To evaluate the predicted results, the Normalized Root Mean Square Error (NRMSE) and the index of agreement (d) were calculated by the following equations:
Where Pi is the predicted value and Oi is the measured value of each parameter, the n is the number of measurements and O is the mean value of the measured factors. The values of NRMSE and d vary between 0.0 and 1.0. When the value of NRMSE is closer to 0.0 and d is closer to 1.0, the model is more accurate. The simulation is considered excellent if the NRMSE value is less than 10%, good if the NRMSE is between 10% and 20%, fair if NRMSE is between 20% and 30% and poor if the NRMSE is greater than 30% (Jamieson et al, 1991) .
Discussion
Experimental results of the first and second growing seasons were applied to calibrate and validate the simulated Rbean model, respectively. The Rbean model was able to simulate red bean growth and yield under deficit irrigation and different densities of cultivation. The flowchart of the Rbean model is shown in Figure. 2.
Model Calibration
Evapotranspiration
The relationship between the simulated and measured values of seasonal actual evapotranspiration (ETa) for the first year, known as the calibrated stage for different treatments during the growing season in 2013, are shown in Figure. 3. The slopes and intercepts of the linear relationships between the measured and simulated ETa were analyzed statistically. The intercept was not significant for the ETa relationship; therefore, the regression equation was forced to pass the origin of coordinates. The values of NRMSE and d showed that the calibrated Rbean model could estimate ETa with high accuracy (Table 4) . Calibrations of actual evapotranspiration (ETa) for I4 irrigation levels, serving as samples in the first year, are shown in Figure. 4. Because of the measured data was weekly mean and simulate data was daily cause to different between measured and simulated data. I1S1  I1S2  I1S3  I2S1  I2S2  I2S3  I3S1  I3S2  I3S3  I4S1  I4S2  I4S3 mas.ccsenet.org
Modern Applied Science Vol. 11, No. 8; 2017 Calibration of biomass (B) for some treatments as samples which were obtained from the first year is shown in Figure. 5. Simulated and measured values of biomass for the first year exhibit correlations and relationships, the (calibrated stage) for different treatments during the growing season in 2013 are shown in Figure. 6. For this year of the experiment, the NRMSE was observed to be lower than 10% for the different treatments of red bean (Table 5) . Linear relationships between the measured and simulated biomass inherently included slopes and intercepts that were analyzed statistically. The intercept was insignificant to be considered effective for the biomass relationship; therefore, passing the origin of coordinates was achieved by the regression equation. Biomass could be estimated high accurately and the values of NRMSE and d showed this through the calibrated Rbean model (Table 5 ). The accumulation trend for plant dry matter (biomass) showed that the maximum dry matter is achieved in the irrigation treatment of 100% ET o . The minimum dry matter, however, occurs at 60% ET o irrigation treatment ( Figure. 5 ). The accumulation trend for dry matter can be divided into two steps. The first step is at the time when plants receive 730 Growing Degree Days (GDD). The second step involves an extraordinary accumulation of dry matter which reaches a maximum trend corresponding to about 1700 GDD. Thereafter, the rate of dry matter accumulation declined as the plant moved toward the end of the growing season. It is indicated that the rate of dry matter accumulation increased as a result of the increase in irrigation water. Reasons for the slow trend of increase in biomass at the beginning of the growing season are explained by Vol. 11, No. 8; the small size of leaf area because the seedling is too small to perform effective exploitations of environmental resources, especially light. Consequently, it is presumed that water stress reduced the leaf area, thus the hampered vegetative growth did not allow for plants to receive light effectively. Therefore, photosynthesis was suppressed and the yield was affected, even though the density of plant cultivation was higher in comparison with the full irrigation treatment. This model acknowledges the mid-season increase in crop susceptibility which has also been observed in previous research. Firstly, when K cb is high (in the mid-season), water stress will have a larger effect on biomass and yield than early or late season stress. Also, K s is dependent on T p , so that a higher evaporative demand (often in the mid-season) results in a greater reduction in K s for a given soil water level. Results of the model simulation for the red bean plant biomass at harvest are shown in Table 6 . The Rbean model has served as an acceptable estimation for biomass for most irrigation and density conditions. According to the results, it was realized that the simulated biomass in all treatments (for calibration data) corresponds quite well with the actual biomass (NRMSE=2%) ( Table 6 ) and the regression coefficient for calibration data had a good correlation (R 2 = 0.90) between the simulated biomass and the actual biomass ( Figure.7) . I1S2  I1S3  I2S1  I2S2  I2S3  I3S1  I3S2  I3S3  I4S1  I4S2  I4S3 mas.ccsenet.org
Modern Applied Science Vol. 11, No. 8; Figure 7. Comparison of the observed and simulated biomass at harvest in Rbean model (kg/ha) in 2013(calibration data) Vol. 11, No. 8; 3.1.3 Seed Yield Table 8 shows results of the model simulation for seed yield which are relatively similar to results of the simulated biomass obtained for each treatment, and a good correlation was found between the simulated and the measured seed yield (Table 7) . It can be observed that the simulated yield in all treatments (for calibration data) is in good correlation with the actual yield (NRMSE=7%) (Table 7) and that the simulated yield and the measured yield correlate well with each other (R 2 = 0.95) by considering the regression coefficient for calibration data (Figure.8) . Alizadeh et al. (2010) reported that the performance of the AquaCrop model is higher where irrigation water is applied optimally than where low amounts of water are irrigated. Crop scientists express water productivity as the ratio of grain yield to total applied water on a seasonal basis (Sinclair et al. 1984) . Water productivity is one of the most important indicators that determine what amount of irrigation can be considered as optimum. In 2013, the maximum yield was 3062 kg ha , respectively, under the condition of 60% potential crop evapotranspiration and the spacing of 15 cm between the plants within a row. According to the results, it was realized that there is a good correlation between the simulated WP in all treatments (for calibration data) and the measured WP (NRMSE=7%) ( Table 8) . Furthermore, there was a considerable correlation between the simulated yield and the measured yield (R coefficient for calibration data suggests accordingly ( Figure.9) . Hsiao et al. (2009) and Alizadeh (2010) conducted experiments on corn WP and showed that the AquaCrop model is not so well able to simulate water productivity (WP), especially when severe drought stresses are present. 
Model Validation
Evapotranspiration
The presentation of relationships are presented between the simulated and measured values of seasonal actual evapotranspiration (ETa) for the second year, shown as the validation stage for different treatments during the growing season in 2014 ( Figure. 10). Linear relationship between the measured and simulated Eta inherently included slops and intercepts that were analyzed statistically. The intercept was insignificant to be considered effective for the ETa relationship; therefore passing the origion of coordinates was achieved by the regression equation. The values of NRMSE and d showed that the calibrated Rbean model could estimate ETa with high accuracy (Table 9 ). Calibration of actual evapotranspiration (ETa) for I4 irrigation level as sample in the second year, are shown in Figure. 11. Because of the measured data was weekly mean and simulate data was daily, cause to different between measured and simulated data. To validate the Rbean model, the measured field data of the second year of the experiment (in 2014) was used.
For the second year, the relationships between the simulated and measured values of biomass are taken into notice when exploring the validation stage for the different treatments during the growing season in 2014 ( Figure.12 and 13 ). For this year of the experiment, the NRMSE became lower than 9% for the different treatments of red bean (Table 10 ). The slopes and intercepts of the linear relationships between the measured and simulated biomass were analyzed statistically. The intercept was not significant for biomass relationship; therefore, the regression equation was forced to pass the origin of coordinates. The values of NRMSE and d showed that the calibrated Rbean model could estimate biomass with high accuracy (Table 10 ). The accumulation trend for plant dry matter (biomass) showed that the maximum dry matter is achieved in 100% potential crop evapotranspiration irrigation. The minimum dry matter, however, occurred at the 60% potential evapotranspiration irrigation ( Figure.12 ).
Model simulation of the red bean biomass resulted in measured data (Table 10 ). The Rbean model is capable of estimating biomass for most irrigation and density conditions. It is understood that the simulated biomass in all treatments (for validation data) corresponds quite well with the measured biomass (NRMSE=8%) (Table 10 ) and the regression coefficient for validation data had good correlation (R 2 = 0.83) between the simulated biomass and the measured biomass ( Figure.14) . Table 7 shows the results of the model simulation for seed yield. This is partly similar to the results of the simulated biomass. The simulated seed yield in each treatment had good correlation with the measured seed yield (Table 7) . Recognitions were made on the yield simulation in all treatments (for validation data) and corresponded quite well with the measured yield (NRMSE=9%) ( Table 7) . Validation data regarding the regression coefficient had good correlation (R 2 = 0.90) among the simulated yield and the measured yield ( Figure.15 ). , respectively, under the condition of 60% potential crop evapotranspiration and by having the 15 cm spacing between the plants within each row. Simulated WP in all treatments (for validation data) corresponded fairly with the measured WP (NRMSE=7%) ( Table 8 ). The simulated seed yield and the measured yield had good correlation (R 2 = 0.98) with respect to the regression coefficient for validation data ( Figure.16 ). 
Discussion
Model outputs matched well with the actual measurements. Results illustrate that the model has the ability to reflect the plant density effect on canopy cover, biomass, the yield, and water productivity. The Rbean model was developed to estimate red bean biomass based on a normalized transpiration ratio. Model results are fairly similar to field data regarding deficit irrigation on the red bean in this research, arguing that the model explained yield loss by water stress. Considering the results of this research, we can claim that the red bean is substantially susceptible to drought stress in general. Results show that by increasing the density of plant cultivation, enough leaf area is still present to receive sunlight. This, in fact, optimizes energy consumption by the plant population as a whole, and ultimately increases the yield and its components per unit of land area. The simplicity of this model has made it practically easy to use because of the minimum input of data it requires, which are readily available or can easily be collected for the model to operate. It provides a reference for decision-makers using limited experimental facilities, and it can be used in plant growth prediction, manufacture management, and the like. Finally, we suggest that it is feasible to evaluate the performances of the Rbean model in conditions of (i) different climates that are colder or warmer than our region in the present study and (ii) sowing the red bean on different dates from April to May.
